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Abstract 
We hypothesized changes in rotations and 
translations after TKA with a fixed-bearing anterior cruciate 
ligament (ACL)-sacrificing but posterior cruciate ligament 
(PCL)-retaining design with equal-sized, circular femoral 
condyles would reflect the changes of articular geometry. 
Using 8 cadaveric knees, we compared the kinematics of 
normal knees and TKA in a standardized navigated position 
with defined loads. The quadriceps was tensed and moments 
and drawer forces applied during knee flexion-extension while 
recording the kinematics with the navigation system. TKA 
caused loss of the screw-home; the flexed tibia remained at 
the externally rotated position of normal full knee extension 
with considerably increased external rotation from 63° to 11° 
extension. The range of internal-external rotation was shifted 
externally from 30° to 20° extension. There was a small tibial 
posterior translation from 40° to 90° flexion. The varus-valgus 
alignment and laxity did not change after TKA. Thus, navigated 
TKA provided good coronal plane alignment but still lost some 
aspects of physiologic motion. The loss of tibial screwhome 
was related to the symmetric femoral condyles, but the 
posterior translation in flexion was opposite the expected 
change after TKA with the PCL intact and the ACL excised. 
Thus, the data confirmed our hypothesis for rotations but not 
for translations. It is not known whether the standard 
navigated position provides the best match to physiologic 
kinematics. 
 
Introduction 
The long-term results of TKA have been favorable in 
terms of implant survival; some studies [17, 43, 44] have 
reported greater than 90% survival at 10 to 15 years. 
However, this gives no indication of the patient’s subjective 
impression of function, and several studies have reported 
dissatisfaction rates of 20% to 40% [1, 15, 29]. Dissatisfaction 
may be explained partly by abnormal kinematics affecting 
muscle moment arms and sensations of instability. The advent 
of Roentgenstereophotogrammetric analysis and 
videofluoroscopy has enhanced our ability to describe these 
kinematics. 
Uvehammer et al. used 
Roentgenstereophotogrammetric analysis in vivo to show 
cruciate-retaining and –sacrificing designs exhibited abnormal 
kinematics when compared with controls [40–42]. They 
reported all designs had increased femoral anterior translation 
with flexion when compared with the normal knee and that 
there was abnormal tibial anteroposterior (AP) motion with 
knee extension.  
Single-plane fluoroscopy has further enhanced 
understanding and various studies have shown normal 
kinematics are lost after TKA [2, 4, 6, 25, 31, 38]. Banks and 
Hodge [3] found a closer reproduction of normal knee  
kinematics with posterior cruciate-sacrificing designs with an 
average medial centre of axial rotation during knee extension 
from flexion. After cruciate-retaining TKA, the  average centre 
of rotation was displaced lateral to the centre of the tibia; this 
was associated with paradoxical medial femoral condylar roll-
forward with flexion for some designs. Wimmer and 
Andriacchi [46] noted abnormal tractive-rolling forces are 
generated at the articular interface after TKA because the 
coefficient of friction (µ) of artificial joints (µ = 0.03–0.10 [16]) 
is higher than in the natural joint (µ = 0.002–0.03 [14]). This 
phenomenon also may induce abnormal kinematics by 
altering the normal rolling/sliding behaviour. 
The properties of the implants and the nonanatomic 
shape of their articulations suggest normal knee kinematics 
are unlikely to be replicated. Erratic stick-slip behaviour (the 
femoral component suddenly sliding forward over the tibia 
when the expected physiological motion should be 
progressive roll-back) arising from the raised friction [46] may 
partly explain patient perceptions after TKA. However, the 
unpredictability of knee kinematics after TKA [39] may, at 
least partly, result from variability in component positioning 
and the resulting effects on soft tissue behaviour [5, 7, 8]. 
Prior studies have been unable to account for that variability, 
because they did not document implant positions and 
measure the kinematics after surgery. The introduction of 
computer assistance to TKA allows more precise positioning 
relative to predefined axes that are based on current 
knowledge and guidelines, reducing variability from the 
desired alignment [11] and so reducing the shortcomings of 
earlier methods.One would anticipate that even with carefully 
navigated component alignment, TKAs would still cause 
changes in the path of motion and joint laxity, particularly 
tibial internal-external and varus-valgus rotations, plus 
anteriorposterior translations, across the range of knee 
flexionextension. For example, take a femoral component 
with equal medial and lateral fixed radii of curvature in the 
sagittal plane and a tibial bearing surface that is only partially 
conforming but with the same sagittal plane geometry 
medially and laterally. Given the putative accuracy of a 
navigation system balancing the ligaments, we presume the 
kinematic changes primarily would be attributable to the 
articular geometry and secondarily to the loss of the ACL. 
We formulated three hypotheses: (1) The design 
features noted above would inhibit tibial internal-external 
rotation during knee flexion-extension motion, giving motion 
more compatible with a fixed axis; (2) Internal-external 
rotation and varus-valgus laxity would not be changed 
substantially across the arc of knee flexion-extension; and (3) 
The normal AP tibiofemoral relationship would not be 
maintained after TKA, specifically excision of the ACL would 
result in anterior subluxation under drawer testing and larger 
than normal AP laxity during flexion-extension motion.  
 
Materials and Methods 
We measured natural knee kinematics and laxity 
across the range of knee flexion-extension for several loading 
conditions: active knee extension, AP drawer, internal-
external rotation, and varus-valgus moments. We then 
repeated the measurements after TKA so paired comparisons 
could be made to find changes. 
We obtained 10 adult fresh-frozen disarticulated 
limbs in conformity with local legal requirements. We used 
two limbs in developing this method, leaving eight knees for 
analysis unless specified otherwise. A post hoc power analysis 
indicated that, with the standard deviations calculated, we 
could detect changes of 6 mm or 11° with 80% power at the 
95% level. All were left-sided, had normal alignment, and no 
evidence of gross arthritic changes, ligamentous instability, or 
previous surgery. Navigation trackers (Stryker Knee Navigation 
System; Stryker Leibinger,Freiburg, Germany) were fixed 
securely to the outer cortices of the femora and tibiae 150 
mm from the joint line. For each specimen, we recorded the 
position of standard navigation reference points at the centre 
of the femoral head and ankle. The legs were divided 200 mm 
above and below the joint line and mounted in a dedicated 
loading rig with the transepicondylar axis aligned approximate 
to the flexion-extension axis of the rig [12] (Fig. 1). 
The rig allowed unconstrained tibial motion relative 
to the femur, apart from control of flexion-extension, so the 
knee did not need its axis of flexion aligned to that of the test 
rig; the axis alignment had no effect on the relative 
tibiofemoral motions that were calculated only between the 
two bone-mounted motion trackers. The tibia hung free, 
allowing flexion-extension of the knee (0°–120°) by moving 
the femur in an approximate vertical arc and applying 
displacing loads to the quasistatic tibia [18]. 
To obtain active knee extension, we applied a 
quadriceps tension of 200 N to the patella through a cable 
attached to a pneumatic cylinder acting parallel to the femoral 
axis. This tension was limited by the fragility of the specimens 
from elderly cadavers; it was sufficient to ensure tibiofemoral 
joint compression through the range of motion (ROM). Tibial 
internal-external rotation moments of 5 Nm could be applied 
by hanging weights on two cords that pulled in opposite 
directions and were attached at the opposite sides of a large 
pulley connected to an intramedullary rod in the distal tibia. 
This induced tibial rotation without causing a resultant 
translation force and has been used in similar work [18]. 
Similarly, we applied tibial varus-valgus moments of 3.5 Nm 
using a cord-pulley system pulling medially or laterally on the 
distal end of the intramedullary rod. Anteroposterior forces of 
70 N were applied to the proximal tibia through a low-friction 
bearing on a hoop so the resultant force was always through 
the centre of the tibial plateau and secondary rotations were 
not inhibited. The displacing forces and moments were chosen 
to reflect those imposed during clinical examination of joint 
laxity, again with limits imposed by the fragility of the 
specimens; clinical anterior drawer tests often use 89 N force 
[13]. We then extended and flexed the femur by hand, with 
and against the quadriceps action, with each motion cycle 
taking approximately 5 seconds. This rate of motion allowed 
collection of sufficient kinematic data points. The navigation 
system recorded the movements of the femur and tibia of the 
intact knee during active knee extension motion from 90° to 
0° for the following loadingconditions: internal rotation 
moment (5 Nm), external rotation moment (5 Nm), anterior 
drawer (70 N), posterior drawer (70 N), varus moment (3.5 
Nm), valgus moment (3.5 Nm), and neutral (no additional 
loading other than the simulated extensor load).We then 
inserted a Scorpio CR (Stryker Orthopaedics, Mahwah, NJ) 
posterior cruciate-retaining prosthesis in a classic 
standardized alignment [21]. This implant was widely used and 
linked to a navigation system that would allow accurate 
implant positioning and measurement of kinematics. The 
implant had design features that were expected to affect the 
kinematics and laxity of the knee.The femoral component had 
equal-sized medial and lateral condyles that had a fixed radius 
of curvature in the sagittal plane; the tibial bearing surface 
was partially conforming and had the same sagittal plane 
geometry medially and laterally. The distal femur was cut 
perpendicular to the computer estimation of the mechanical 
axis in coronal and sagittal planes; the resection was 0 to 1 
mm deeper than the thickness of the distal part of the femoral 
component. We determined the rotation of the femoral 
component according to Berger et al. [9]. The final cuts were 
made after ensuring accurate AP positioning with the 
navigation. We cut the tibia perpendicular to its mechanical 
axis. The resection level matched the thickness of the insert, 
and the rotational alignment was referenced using the PCL 
and medial one-third of the tibial tuberosity. We cemented 
the tibial component and the femoral component was press 
fit. The arthrotomy was closed in the same manner as in 
clinical practise with Number 1 Vicryl (Ethicon, Somerville, NJ) 
to fascial layers and 2–0 Vicryl to fat and skin. We repeated 
the kinematic measures for the same conditions as the intact 
knee. Kinematics data were described with six degrees of 
freedom according to the Grood and Suntay joint coordinate 
system [19] without adjustment for clinical 
abductionadduction. Flexion-extension was a tibial rotation 
about the digitized femoral epicondylar axis [9]; internal-
external rotation was about the long axis of the tibia, the zero 
point of which was defined by the relative position of the 
malleolar mediolateral axis and the femoral epicondylar axis; 
and varus-valgus motion (change of alignment in the coronal 
plane is, mechanically, a rotation) was about a floating axis 
mutually perpendicular to the other two axes in the AP 
direction [19]. We measured translations along these axes; 
only AP translation is presented. Care was taken to define the 
centres of the hip, knee, and ankle to minimize crosstalk, 
which is an inaccuracy in the calculated kinematics arising 
from misalignment of coordinates [33]; the centre of the 
femoral head was known; the centre of the knee was defined 
as the highest point of the anteriordistaloutlet of the 
intercondylar notch; and the centre of the ankle was the 
midpoint of a line joining the  malleoli. The average of three 
extension cycles over the range 90° to 0° was used for 
analysis. We used paired two-way t-tests to compare the 
neutral paths of motion and the joint laxity with the knee in 
two states: wit hout and with the TKA, and across the range of 
knee flexion-extension. The dependent variables were the 
primary motions of the knee, ie, tibial AP translation, tibial 
internal-external rotation, or tibial varus-valgus angulation. 
We did not analyze coupled motions. When describing the 
difference between intact and TKA implanted knees, the 95% 
confidence interval bands of this difference were calculated 
and plotted in the graphs of results. Data relating to each of 
the hypotheses (tibial internal-external rotation,varus-valgus 
rotation, and AP translation) were calculated for the neutral 
path of motion and the limits of laxity, across the range of 
knee flexion-extension, and at the forces or moments applied 
(sometimes known as the envelope of laxity [10]). The neutral 
path of motion was that followed by the tibia when the knee 
extended with only the specimen weight and quadriceps 
tension acting.  
 
Results  
When the intact knee extended from 25° flexion to full 
extension, the tibia rotated externally by a mean of 8°; this 
was the screw-home mechanism. After TKA, there was 
almost no tibial rotation as the knee extended (Fig. 2). The 
tibia was in the same mean rotation after TKA as it had 
been when the intact knee was externally rotated after the 
screw-home in extension. After TKA, the tibia was rotated 
more externally (0.003 <= p<0.05) than the intact knee had 
been over the extension range of 63° to 11°. 
The tibial internal-external rotation laxity for the intact 
and post-TKA knees reduced progressively as the knee 
extended (Fig. 3). For the intact knee, both limits of the 
rotational laxity envelope moved into tibial external 
rotation in terminal knee extension, similar to the screwhome 
motion. Because the screw-home was lost after TKA, 
the limits of internal and external rotation laxity after TKA 
were more externally rotated than for the intact knee: for 
external rotation, 0.026 <=p<0.05 from 32° to 14° knee 
extension, and for internal rotation, 0.007 <= p<0.05 from 
41° to 20° extension (Fig. 3). 
   Neither the neutral pathway nor the limits of laxity of 
tibial varus-valgus motion was changed (p>0.05) by TKA 
(Figs. 4, 5). On average, the neutral paths of the tibiae were 
aligned within 1° to the mechanical axis over the full ROM 
examined. However, the large confidence intervals of the 
difference between the normal and implanted knees show 
some had a large difference from average behaviour. Data 
for one knee were lost in the varus-valgus loading condition, 
therefore, data for seven are presented here. 
     The TKA did not have a large effect on either the neutral 
path of AP motion or the AP laxity when the knee was near 
extension (Figs. 6, 7). In the flexed knee, the tibial positions 
were shifted considerably posteriorly after TKA for 
the neutral path (0.024 <=p< 0.05 from 87° to 75° 
extension) and with a posterior drawer force (0.0002 
<=p<0.05 from 87° to 44° extension). The anterior laxity did 
not change very much (p>0.05) at any angle of knee flexion 
examined. 
 
Discussion 
It has been difficult to relate knee kinematics to specific 
details of a surgical procedure or implant design, partly 
because of the inherent lack of precision in surgery. That 
has been overcome to a large extent by the introduction of 
optical navigation systems that typically can measure to 
±0.5 mm or ±0.5°, thus allowing consistent TKA positioning 
in relation to anatomic features. Improving 
kinematics should improve the function of patients after 
TKA, particularly with increasing use in younger patients. 
We report data arising from placing one type of prosthesis 
at a position to which the surgeon was guided by navigation 
software; the resulting construct led to some deviations 
from the natural path of motion and laxity limits. Analysis 
of the design of the chosen prosthesis, along with a review 
of the literature, led to several hypotheses relating to 
alterations from the natural motion and laxity of the 
knee caused by the TKA. The chosen implant design had 
equal-sized femoral condyles, of constant radius, that 
articulated with partly conforming fixed tibial bearing 
surfaces that also were the same size. We hypothesized 
these features would lead to motion compatible with that of 
a fixed axis, losing rotational components of motion about 
other axes. Because of the constant-radius femoral condyles 
and accuracy of the navigation system when setting 
up the collateral ligaments, it was hypothesized that 
internal-external rotation and varus-valgus laxity would 
remain within normal limits across the arc of knee 
flexionextension. 
      Published data regarding loss of roll-back led to 
the hypothesis that the normal AP tibiofemoral roll-back 
relationship would not be maintained after TKA. Excision 
of the ACL led to the hypothesis that the tibia would 
subluxate anteriorly under drawer testing and have larger 
than normal AP laxity. 
   These findings must be interpreted in light of the specific 
limitations of these experiments in vitro: the use of TKA 
with a fixed bearing and equal-sized medial and lateral 
femoral condyles with one radius of curvature in the sagittal 
plane; loading imposed only by a quadriceps tension; 
and analysis only of knee extension motion. Although the 
specimens did reflect the ages of patients undergoing TKA, 
these specimens were more normal than those to be 
replaced; however, we believe it is important to know how 
well a TKA restores normal function. We also imposed 
only a quadriceps load to the knees to provide an extension 
moment; simulation with other muscles could alter the 
kinematics and numerous combinations are possible. We 
chose not to add muscle cocontractions because that would 
have added to the complexity of an already complex 
experiment. The important point is the geometry and 
loading were well-defined; we believe differences between 
kinematics studies may result from lack of control of the 
forces across the knee, especially in vivo. The quadriceps 
tension was limited to 200 N because we found in an earlier 
pilot experiment that we sometimes damaged frail cadaveric 
knees when applying 400 N. However, this force was 
sufficient to ensure that the articular surfaces were 
compressed together during the tests, so the knee motion was 
controlled by the implant geometry. We postulate that a 
larger compressive force would have reduced the limits of 
laxity for the natural and artificial joints. The validity of the 
data resulting from this work in vitro may be judged by 
reference to data obtained in vivo. Our experiments differed 
from those of Stiehl et al. [39] in that we did not 
observe the erratic AP motion they reported. However, loss 
of screw-home rotation was reported in a fluoroscopic 
study of the same prosthesis in vivo [26]. 
 We confirmed the hypothesis that symmetric and conforming 
condyles of the TKA components would inhibit 
the natural screw-home rotation kinematics. The prosthesis 
maintained a constant rotation that matched the natural 
knee in full extension. That stable position reflected the 
close-packing of the articular surfaces with simultaneous 
tightening of the soft tissues around the knee. The natural 
screw-home motion in the intact knees was in accordance 
with previous studies [10, 20, 24, 27], although variations 
have been reported and Lafortune et al. [28] did not find 
screw-home motion. These variations might reflect 
differences in loading conditions and definition of axes of 
motion [33]. Screw-home sometimes is lost after TKA [30, 
31, 42], although that is not inevitable [23, 37]. Differences 
in behaviour may reflect the use of symmetric versus 
asymmetric condyles, inherent constraint between the 
components, or differing alteration of the soft tissues during 
implantation. In particular, tightening of the ACL as the 
natural knee reaches extension imposes an external rotation 
torque on the tibia [20], which was lost by ACL excision 
during TKA. 
     We also confirmed the hypothesis that the limits of tibial 
rotation laxity after TKA would remain similar to those of 
intact knees. The pattern of reducing laxity as the natural 
knee extended, from 27° to 6° internal-external rotation, 
was matched closely by the prosthetic knee. This suggests 
progressive tightening of the soft tissues as the natural knee 
extended was preserved after TKA and constraint in the 
articulation was not excessive. However, the limits of 
rotational laxity after TKA also reflected the loss of the 
screw-home and so were considerably externally rotated 
compared with normal, from approximately 40_ to 10_ 
knee extension. Whiteside et al. [45] suggested rotational 
constraint is not necessary in a TKA to maintain normal 
rotational laxity as long as the soft tissues are tensed 
correctly. 
    The data confirmed the hypothesis that after TKA, 
varus-valgus laxity would not be altered substantially 
across the arc of knee flexion-extension. Varus-valgus 
alignment was aided by accuracy of the navigation system 
when cutting the femoral condyles and setting up the 
collateral ligaments to have constant tension when moving 
around the constant-radius prosthetic condyles. It was 
expected that knee varus-valgus alignment would be 
maintained because of the accuracy of the navigation system. 
The tendency to move into varus in flexion after TKA 
reflected the femoral component rotation, that followed 
from the surgeon’s judgement when digitizing the 
transepicondylar axis, which deviates from the posterior 
condylar line [36]. However, the extra bone resected from the 
posterior medial condyle was matched at the tibia, 
maintaining a parallel space for the implant. 
      Finally, the data do not support the hypothesis that 
excision of the ACL and preservation of the PCL during 
TKA would lead to the tibia moving in a relatively anteriorly 
translated position. After TKA, the AP position of 
the tibia was normal when the knee was in extension, but it 
shifted considerably posteriorly in flexion, the opposite 
tendency to what was expected. This indicates a loss of 
femoral roll-back in flexion and loss of normal restraint by 
the PCL. We confirmed, by reopening the knees, that the 
PCL always remained intact. This implies the size, position, 
and shape of the femoral component, which acts like a 
cam against the tibial component concavity, had effectively 
allowed the PCL to slacken as the knee flexed. The 
abnormal posterior translation of the tibia did not imply 
stretching of the PCL if the implant geometry had allowed 
the tibia to move proximally to maintain contact, as has 
been reported [22]. The kinematic data showed that there 
had been a mean proximal translation of 1.8 mm at 70_ 
flexion. Conversely, the tibia tended not to be drawn forward 
to its physiologic anterior laxity limit in the flexed 
knee, despite the ACL having been excised. These 
observations suggest the prosthetic articulation forced the 
tibia posteriorly in the flexed knee. In addition, the quadriceps 
tension would have acted to prevent tibiofemoral distraction, 
which would result from the femoral component 
sliding up the slope of the posterior part of the tibial 
articular surface during anterior drawer testing. Thus, the 
mechanics of the loaded articulation prevented femoral 
roll-back (the posterior movement of the tibiofemoral 
contact points [35]) seen in the natural knee [34]. This has 
been reported with other implants [32] and causes posterior 
impingement and loss of knee flexion [6]. 
The clinical relevance of this in vitro study relates to the 
desire to improve function of patients after TKA, particularly 
with younger patients undergoing TKAs. In the past, 
it has been difficult to relate knee kinematics to specific 
details of surgical procedure or implant design, partly 
because of the inherent lack of precision in surgery. That 
has been overcome to a large extent by the introduction of 
optical navigation systems that can measure typically to 
±0.5 mm or ±0.5_, thus allowing consistent prosthesis 
positioning in relation to anatomic features. We report data 
arising from placing one type of prosthesis at a position to 
which the surgeon has been guided by navigation software; 
the resulting construct led to some deviations from the 
natural path of motion and laxity limits. Much of that 
deviation is now explainable by reference to the prosthetic 
articular geometry, as discussed previously. It is not known 
whether the datum position in the software will give the 
best restoration of physiologic kinematics, but the technology 
now can be applied to study this question. Such a 
study carries the inherent assumption that a search for 
restoration of normal kinematics is desirable for optimizing 
patient function, and that also is not yet known but does 
appear a reasonable assumption. 
   Our data suggest the kinematics of the natural knee were 
not maintained in all respects after arthroplasty with an 
implant that had equal-sized circular femoral condyles, 
when loaded and moved in vitro. Use of a navigation 
system enabled accurate maintenance of tibiofemoral 
coronal alignment and varus-valgus limits of laxity, across 
the range of knee flexion-extension. However, the conforming 
cylindrical articular geometry led to loss of the 
natural pattern of tibial rotation, the screw-home mechanism, 
whereas the range of internal-external rotation laxity 
was maintained. Contrary to the initial hypothesis, excision 
of the ACL during arthroplasty did not lead to abnormal 
tibial anterior translation. On the contrary, there was lack 
of physiologic femoral roll-back on the tibial plateau when 
the knee was flexed after arthroplasty, in line with published 
studies using video fluoroscopy in vivo. Although 
these findings are implant-specific, the differences between 
the kinematics of natural and artificial knees suggest that an 
adjustment of the guidance given by the navigation system 
might lead to an implant position that provides better 
maintenance of physiologic motion. 
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